European-like field isolates of porcine reproductive and respiratory syndrome virus (PRRSV) have recently emerged in North America. The full-length genomic sequence of an index isolate characterized in 1999, strain EuroPRRSV, served as the reference strain for further studies of the evolution and epidemiology of Europeanlike isolates (type 1) in the United States. Strain EuroPRRSV shared 90.1 to 100% amino acid identity with the prototype European strain, Lelystad, within the structural and nonstructural open reading frames (ORFs) and 95.3% overall nucleotide identity. The 5 untranslated region and two nonstructural regions within ORF 1 were closely examined due to significant divergence from strain Lelystad. A 51-bp deletion in a region within ORF 1a, coding for nonstructural protein 2 (NSP2), was observed. Sequence analysis of the structural ORFs 2 to 7 of additional European-like isolates indicated that these isolates share 93% nucleotide identity with one another and 95 to 96% identity with the Lelystad strain but only 70% identity with the North American reference strain VR-2332. Phylogenetic analysis with published PRRSV ORF 3, 5, and 7 nucleotide sequences indicated that these newly emerging isolates form a clade with the Lelystad and United Kingdom PRRSV isolates. Detailed analysis of four of these isolates with a panel of 60 monoclonal antibodies directed against the structural proteins confirmed a recognition pattern that was more consistent with strain Lelystad than with other North American isolates.
Porcine reproductive and respiratory syndrome (PRRS) virus (PRRSV) is the causative agent of PRRS, a disease characterized by reproductive failure in sows, including early farrowing with stillborn piglets and late-term abortions, as well as respiratory distress in young pigs and an influenza-like disease in grow-finish swine (58, 65) . This syndrome was first recognized as a mystery swine disease in the United States in 1987 (27) and was subsequently identified in Europe (Lelystad virus [LV] ) (74) and in the United States (ATCC VR-2332) (3, 9) . The disease is now endemic in many swine-producing countries (M. L. Meredith, PRRS, Pig Disease Information Centre, Cambridge, United Kingdom [http://www.pighealth.com]) and is the most economically important swine disease in the United States (59, 86) .
PRRSV is a small enveloped virus with a single-stranded positive-sense RNA genome and is a member of the family Arteriviridae in the order Nidovirales (6, 14) . Other members of the arterivirus family include lactate dehydrogenase-elevating virus of mice, equine arteritis virus (EAV), and simian hemorrhagic fever virus (55) . Each of these viruses replicates preferentially in macrophages and establishes a persistent infection in its natural host (54) . Several members of the nidovirus order have been shown to undergo high-frequency recombination (50, 81, 83) . Because of unique recombinatorial properties (81, 83) , widespread persistence, intermingling of virus types, and changes in swine management, PRRSV has been a key subject of evolutionary interest (17, 18, 19, 33, 39, 67, 69) .
The 5Ј-capped and 3Ј-polyadenylated genome of PRRSV is 15.1 to 15.5 kb in length and consists of at least eight open reading frames (ORFs). ORF 1a and ORF 1b are located immediately downstream of the 5Ј untranslated region (UTR) and occupy more than two-thirds of the genome. ORF 1a is translated directly from the genomic RNA. ORF 1b is expressed by a ribosomal translational frameshift yielding a large ORF 1ab polyprotein that is proteolytically cleaved into products involved in virus transcription and replication. ORFs 2 to 7 code for PRRSV structural proteins and are located at the 3Ј end of the genome, with ORFs 2 to 6 encoding polypeptides characteristic of membrane-associated proteins. These genes are expressed from a 3Ј-coterminal nested set of functionally monocistronic subgenomic mRNAs (sgmRNAs) (Fig. 1A) (10, 36, 54) . The sgmRNAs encode four glycoproteins (sgmRNA2/ GP2, sgmRNA3/GP3, sgmRNA4/GP4, and sgmRNA5/GP5), two unglycosylated proteins (sgmRNA2/2b envelope [E] and sgmRNA6 membrane [M] ), and a nucleocapsid protein (sgm-RNA7/N) (36, 42, 79) .
The North American and European isolates of PRRSV share morphological and structural similarities, but despite their nearly simultaneous emergence on their respective continents, they display significant molecular and antigenic variation. The prototype virus strains from the two continents share approximately 60% nucleotide identity at the genome level (39) and have been divided into two main PRRSV genotypes: European (type 1) and North American (type 2). Antigenically, PRRSV has also been divided into two subgroups, with subgroup A representing the European prototype LV isolate and subgroup B representing the U.S. prototype ATCC VR-2332 isolate (41) . Antigenic variations among PRRSV isolates are well documented (26, 32, 75 ; reviewed in reference 34). Since the emergence of PRRSV, intermingling of the two genotypes has occurred in Europe as a result of the use of a live, United States-derived (type 2) PRRSV vaccine (5, 31) . There have been several recent reports of European-like PRRSV strains appearing in North America. Dewey et al. (15) reported an LV-like strain of PRRSV in swine imported to Canada from Europe. European-like PRRSV in American swine herds with no apparent European source has been reported by a number of veterinary diagnostic laboratories . Some of the unique characteristics of these European-like isolates can have a significant impact on diagnostic approaches to detecting PRRSV in U.S. herds and PRRSV management strategies within U.S. swine herds. This report details the unique genomic features of the Europeanlike type 1 U.S. reference isolate EuroPRRSV and provides fundamental genetic and antigenic characterization of several European-type isolates that have emerged within the United States since 1999.
MATERIALS AND METHODS
Virus isolates. EuroPRRSV was identified clinically as a mild case of PRRS in Iowa in 1999. The virus isolate was reamplified in swine due to poor growth in vitro and produced clinical symptoms similar to those of the original isolate. Other isolates have since been identified in diverse geographic locations including the Southeastern, Midwestern, and Western United States (Table 1) .
Virus isolation. PRRSV field isolates were obtained from diagnostic sera or tissues on primary porcine alveolar macrophages as previously described (84) . Cell harvest methods are similar to a procedure described previously, with some modifications (74) . Briefly, swine alveolar macrophages were obtained from conventionally raised 3-to 9-week-old pigs. The lungs were excised and washed three or four times with phosphate-buffered saline, pH 7.2. Cells were centrifuged for 10 min at 800 ϫ g at 5°C. Supernatant fluid was decanted, and cells were washed in phosphate-buffered saline and repelleted two times. Cells were resuspended in RPMI 1640 medium supplemented with 10% irradiated fetal bovine serum and appropriate levels of antibiotics. Macrophages were seeded at a rate of 10 6 cells/ml to 12-or 24-well plates and allowed to adhere for 7 h. Nonadherent cells were decanted, and wells were refilled with 10% fetal bovine serum and RPMI medium. If swine alveolar macrophages could not be used the same day, they were frozen and stored in liquid nitrogen for later use. Inoculation was at 72 h postseeding. Infection was confirmed by a direct fluorescent antibody test on macrophages removed (scraped) from the well, air dried on glass slides, fixed in acetone, and reacted with monoclonal antibody (MAb) conjugate against the N protein (40). When possible, U.S. and European isolates of PRRSV were propagated on MARC-145 cells as previously described (3, 28, 57) .
RT-PCR. Viral RNA was extracted from infected cell culture with the RNAeasy mini kit (Qiagen) according to the manufacturer's instructions. Reverse transcription (RT) was performed by using approximately 1 g of total infected cell RNA, Superscript II reverse transcriptase (Gibco-BRL), and oligo(dT) or sequence-specific primers. PCR was performed with high-fidelity Elongase enzyme (Gibco-BRL) and sequence-specific primers according to the manufacturer's instructions with the addition of dimethyl sulfoxide to a final concentration of 10% in the reaction mixture. Primers were based on published sequences of the European prototype PRRSV strain LV (GenBank accession no. M96262) ( Table 2 ). The primer pairs used to amplify and subsequently sequence ORFs 2 to 7 of 13-US, 14-US, and 15-US were L11304F/L12315R, E2F11579F/L12315R, E2F11579F/E3R13263R, L11792F/L12315R, L12245F/L12747R, L12523F/ L13022R, L12523F/L13573R, L12523F/E3R13263R, E3F12910F/E3R13263R, L13138F/L13640R, 5EUF/5EUR, L13526F/L14030R, E4F13884F/L14691R, E4F13884F/E4R14347R, L14200F/E7R15023R, L14621F/E7R15023R, and L14800F/3ЈEndR. For isolates 16-US to 20-US, RT was primed with 5EUR, and the products were then PCR amplified with primer pair 5EUF/5EUR. For generation of the ORF 5 sequences of isolates 2-US to 12-US and 21-US, RT was primed with random hexamers, PCR amplified with the primer pair LV55/LV6, and then submitted for sequencing with primers EUFor1, EUFor3, EURev2, and EURev4. To determine the full-length genomic sequence of EuroPRRSV, primers were first selected based on the known nucleotide sequence of strain LV and then used to obtain RT-PCR fragments of 0.5 to 3 kb by employing the procedure described previously (83) ( Table 2) . Alternate primers were synthesized based on newly obtained EuroPRRSV sequences (Table 2) . To determine the 5Ј terminus of EuroPRRSV, we employed Euro21R for the RT and tailed the RT product with terminal deoxynucleotide transferase in the presence of guanosine or adenine in separate reactions, followed by PCR amplification of the products with primer pairs Qc/Euro40R or Qt/Euro40R, by using established conditions (82) .
DNA sequencing. The PCR amplicons were purified with the Wizard Prep kit (Promega) according to the manufacturer's instructions, and then the nucleotide sequence determination was completed in both directions with the PCR primers used to generate the amplicons. Cycle sequencing was performed with fluorescent Big Dye chain terminators (Applied Biosystems), and sequencing products were electrophoresed on an ABI Prism 310 Genetic Analyzer (Applied Biosys-
FIG. 2. (A)
Alignment of the 5Ј UTR of the EuroPRRSV isolate with strain LV and a pathogenic European PRRSV isolate from 1992, 111/92/DK (45) . Of the domains previously thought to be absolutely conserved (grey boxes), only the 12-nt start motif and the leader TRS (black box) were shown to remain inerrant (45) . As identified by others (45), the CACCC motifs (shown in bold) implicated in regulating growth of cells but not shown to be similarly active in nonretroviral RNA viruses are also maintained (4, 44) (see text). c The second group of oligonucleotides (LVLP1/ to Qt) was used for the determination of the EuroPRRSV full-length sequence.
tems). In the case of EuroPRRSV, isolates 2-US to 12-US and 21-US, purified RT-PCR-generated DNA fragments, and relevant primers based on type 1 strain LV were submitted to the Advanced Genetic Analysis Center at the University of Minnesota for sequence determination with an ABI 377 automated DNA fragment analyzer. A quality sequence representing at least threefold genome coverage was obtained. Sequence data analysis. Sequence data were assembled and analyzed by using the GeneTool sequence analysis program (BioTools, Inc., Edmonton, Alberta, Canada) or Lasergene (DNASTAR, Inc., Madison, Wis.) and Wisconsin Package, version 10.3 (Accelrys, San Diego, Calif.) sequence analysis software suites. Multiple-sequence alignments were generated with CLUSTALX (71). Phylogenetic trees were inferred from these alignments by using TREE-PUZZLE, version 5.0 (68), implementing the HKYϩ␥ substitution model. Transition/transversion ratios were estimated by TREE-PUZZLE, version 5.0, from the data. Quartet-puzzling (QP) trees were constructed with the described settings and 10,000 puzzling steps to obtain support percentage values (QP reliability) for each internal branch. Representations of the QP trees were constructed with TreeView. Phylogeny analysis was completed by using the sequences listed in Table 1 . Full-length PRRSV strains U87392, JA142 (accession no. AY424271), and accession numbers AF325691, AY032626, AF331831, AF303356, AF046869, AF184212, and AF094476 were used for nonstructural region comparison.
MAbs. MAbs were produced by immunizing mice with whole, intact virus particles or selected ORFs subcloned into a pCDNA3.1/Zeo(ϩ) vector, as previously described (41, 80) . The protein specificity of the MAbs was determined by radioimmunoprecipitation and/or immunoblotting. Immunoglobulin isotypes were determined by using a commercial immunodiffusion assay. For this study, we selected 60 MAbs representing multiple epitopes of products of ORFs 2 through 7, including 2 to the ORF 2 product, 3 each to the ORF 3, 5, and 6 products, 6 for the ORF 4 product, and 43 to the ORF 7 products. MAbs to ORFs 3, 5, and 6 and some of ORF 7 were generously provided by Kenneth Platt (Iowa State University).
Indirect fluorescent antibody assay. Isolates were tested in the MAb panel at the second or third passage in cell culture to minimize the opportunity for antigenic changes. An indirect fluorescent antibody assay was used to determine the reactivity of each MAb with each PRRSV isolate (80) . Confluent monolayers of MARC-145 cells in 96-well plates were infected with each PRRSV isolate. Fixed cells for each isolate were stained with each of the 60 different MAbs at a 1:100 dilution followed by fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin A (IgA), IgM, and IgG. Cells were then observed for the presence of virus-specific staining and rated as reactive (ϩ), nonreactive (Ϫ), or weakly reactive (ϩ/Ϫ). .html]) and the second European strain for which the fulllength genome nucleotide sequence has been determined. The completed sequence allowed the first full-length genome comparison among PRRSV type 1 viruses (Table 1) . Excluding the poly(A) tail, the genomic sequence of EuroPRRSV was 15,047 nucleotides (nt) in length, 51 nt shorter than the genome of the prototypic European strain LV. Full-length sequence analysis determined that the genome of this U.S. index isolate was 95.3% identical (704-nt differences of 15,047 nt) to strain LV at the nucleotide level, but identity varied for individual ORFs (ORF 1a, 94.2% identical with a 51-bp deletion; ORF 1b, 96.2% identidcal; ORFs 2 to 7, 95.8% identical). This high level of identity was not expected for two type 1 PRRSV field isolates of a virus known to undergo a high rate of recombination and mutation and known to evolve rapidly (18, 19, . Considering the immense diversity of PRRSV isolates found worldwide, the 10-year interval between identification of isolates LV and EuroPRRSV, and the fact that EuroPRRSV was isolated in North America, we were anticipating much greater dissimilarity between the two strains (18, 19, 21, 25) . As a likely circumstance, the Minnesota Veterinary Diagnostic Laboratory sequenced 242 type 2 (NA) isolates in 1999, yet less than 16% displayed 95% or greater similarity to the type 2 prototype VR-2332, which was isolated at approximately the same time as strain LV. However, the lack of overall heterogeneity between strains EuroPRRSV and LV did allow comparison of two similar sequences for the discrimination of variable genomic regions from those regions that had remained highly conserved over this time frame. An interesting global pattern of nucleotide and amino acid differences was seen when the two strains were analyzed in detail, with the major differences clustering near the 5Ј end and in regions coding for three glycoproteins ( Table 3 ). The predicted proteins for much of ORFs 1a and 1b as well as ORFs 2a, 2b, 6, and 7 displayed greater than 97% identity with LV, and evaluation of the amino acid differences between strains EuroPRRSV and LV in these regions led to the conclusion that specific changes in NSP1␣, NSP3 to 12, ORFs 2a, 2b, 6, and 7, and the 3Ј UTR were not noteworthy. No deletions or insertions were seen in these genomic regions, and the functional significance of many of these proteins is not known (data not shown). However, the 5Ј UTR, sequences near the 5Ј end of ORF 1a and ORFs 3, 4, and 5 displayed less than 95% identity with LV, with ORF 5 displaying the lowest degree of conservation at 90.2% identity. The 5Ј UTR, NSP1␤, and NSP2, as well as three variant glycoproteins (ORFs 3 to 5), were thus studied in more detail. A graphical representation of all amino acid differences observed between EuroPRRSV and LV is shown in Fig. 1B (ORF 1ab) and C (ORFs 2 to 7).
RESULTS

Genomic
5-Leader sequence variation.
In PRRSV-infected cells, the major subgenomic transcripts (sgmRNAs 2 to 7), coding for largely structural proteins, are produced by joining the 5Ј 221-base leader sequence to specific sites downstream by discontinuous transcription (Fig. 1A) (reference 50 and references therein). The 3Ј terminus of the leader 5Ј UTR ends in a motif (UUAACC) known as the transcription regulatory sequence (TRS), which has been predicted to be situated in a loop of a stem-loop structure (72) . In addition, the leader sequence is also proposed to bind to viral and cellular proteins involved in PRRSV transcription, translation, and replication (24) .
The 5Ј UTR of EuroPRRSV displayed differences in 15 of 221 nt (93.2% similarity) when compared to strain LV (Table  3 ; Fig. 2 ). The only other type 1 leader sequence currently available is a field isolate identified in Denmark in 1992, which showed 90.1% identity to strain LV (111/92/DK, GenBank accession no. AF094476) (45) . In 1999, Oleksiewicz and coinvestigators recognized common domains in this important region of the virus by using available PRRSV type 1 (LV and 111/92/DK) and type 2 (VR-2332) leader sequences (45) . They identified a conserved 5Ј-leader start motif of 12 nt and three invariant nucleotide stretches just upstream of the leader TRS (Fig. 2) . Comparison of the EuroPRRSV leader sequence with a larger panel of isolates (two type 1 viruses [ Fig. 2 ] and type 2 virus [data not shown]) provided evidence that the three invariant motifs were not strictly conserved, as the Euro-PRRSV sequence contained nucleotide changes in all three domains. However, the 12-nt 5Ј-leader start motif and the leader TRS were accurately maintained. Also, as previously noted (45) , one of the motifs contained a conserved CACCC site, with another conserved CACCC site occurring approximately 100 nt upstream in the leader sequences (Fig. 2) . CACCC stretches have been shown to be important in binding to host cell transcription factors important in growth control, apoptosis, and angiogenesis (4, 44) and are also utilized for double-stranded DNA virus and retroviral transcription (38, 44, 56) . Strict maintenance of these CACCC domains was seen in all but a few known PRRSV leader sequences (Fig. 2 and data not shown), but their significance for PRRSV transcription remains to be determined.
Amino acid alterations in EuroPRRSV NSP1␤ and NSP2.
Genomic RNA (mRNA 1) serves as the template for production of the replicase protein, which is catalytically processed by virus-encoded proteases as shown most clearly for EAV (Fig.  1A and B) . All previously identified putative cleavage sites were maintained in EuroPRRSV, based on similarity to EAV, LV, and VR-2332 (1, 13; reviewed in reference 85). As briefly discussed previously, the accumulation of differences between EuroPRRSV and LV was most concentrated in NSP1␤ (amino acids [aa] 167 to 385) and NSP2 (aa 386 to 1247), with a notable 51-bp deletion within NSP2 (Fig. 1B) .
NSP1␤ contains a papain-like cysteine protease (13) . Amino acid alignment of this EuroPRRSV region with strain LV (Fig.  3) revealed that sites previously suggested to be maintained in most arteriviruses were not altered, including the putative catalytic cysteine and histidine residues and the invariant residues, but both conserved and nonconserved amino acid mutations are scattered throughout this protease domain. The data suggest that mutations were allowed in noncritical amino acids while amino acids crucial to the function of this protein segment, which is autocatalytically cleaved from the ORF 1 polyprotein during translation (12, 13, 39, 62, 63, 64, 85) , were maintained. A chymotrypsin-like (3C-like) cysteine protease domain resides at the N-terminal end of NSP2 (16) . NSP2 has been shown to be variable in length among sequenced isolates of arteriviruses (1, 36, 39, 61) . PRRSV type 1 strain LV NSP2 is 861 aa in length while type 2 strains have an additional 100 aa or more, and lactate dehydrogenase-elevating virus and EAV encode NSP2 proteins which are 733 and 401 aa in length, respectively (1, 20, 36, 82, 85) . Snijder et al. (66) found that the NSP2 protein of EAV was involved in proteolysis of replicase precursors and membrane association of the virus replication complex, but no confirming work has been reported for other arteriviruses. Similarity is observed only in the amino-and carboxy-terminal domains among different arteriviruses (14) . An alignment of this region in EuroPRRSV with the corresponding region in LV, the only other type 1 sequence available, is shown in Fig. 4A . There are 96 and 101 proline residues in strains EuroPRRSV and LV representing 11.1 and 11.5%, respectively, of the NSP2 amino acids, and each represents over 57% of the proline residues in the ORF 1a protein. Ten and 11 of these proline-rich domains, respectively, are of the pattern PXXP, long recognized as the signature binding motif of Src homology 3 (SH3) domains (7, 8, 51) . SH3 domains participate in a number of signal transduction mechanisms and cell-cell communication by binding to such polyproline-rich peptides (7, 8, 51) and have been shown to be active in a number of viruses (2, 29, 43, 70) . However, an interaction between SH3 domains and the NSP2 protein of arteriviruses remains to be elucidated. The 17-aa deletion in EuroPRRSV lies within this NSP2 proline-rich region. Two potential protease cleavage sites have been identified for NSP2, one or both of which may be utilized (Fig. 4A) (1, 85) .
Comparison of the NSP2 predicted protein of the two PRRSV subtypes demonstrated that most residues are strictly maintained within a subtype (84 to 99% similarity) but differ greatly between subtypes (Ͻ45% similarity) (data not shown). Alignment of the NSP2 proteins of type 1 and type 2 PRRSV strains exhibiting moderate to extensive sequence divergence also revealed that the predicted proteolytic residues remain well conserved, but the two subtypes show little amino acid conservation outside this predicted domain (Fig. 4B) (85) . Further, the insertions and deletions occurred in both subtypes but did not cluster in the same region. These data suggest that the NSP2 ORF contains a protease motif necessary for the replication cycle of PRRSV but is highly susceptible to mutation in other regions of the NSP2 protein without deleterious effects on the virus.
Genetic analysis of structural ORFs. The nucleotide sequence of the structural ORFs (ORFs 2 to 7) for three additional type 1 isolates were generated. Each isolate revealed comparable overall nucleotide identity with strain LV (13-US, 95.8% identity; 14-US, 95.6% identity; 15-US, 95.2% identity; EuroPRRSV [1-US], 95.8% identity). Amino acid sequence comparison of 13-US, 14-US, 15-US, EuroPRRSV, and VR-2332 with LV indicated that the type 1 viruses isolated near the beginning of U.S. emergence shared 89.6 to 99.2% identity with prototype strain LV. In comparison, the North American prototype strain VR-2332 shared only 59.5 to 78.6% identity with strain LV (Table 4) . From these initial data, we found that GP3, GP4, and GP5 were the least conserved of the structural proteins and indicated that these ORFs were of interest to study more closely. Accordingly, multiple alignments of these proteins were produced (Fig. 5) .
As graphically represented in Fig. 1C , a concentration of amino acid changes was seen between EuroPRRSV and LV in ORFs 3 and 4, which encode the minor structural proteins GP3 and GP4, respectively. The locations of these differences concur with the mutational hotspots identified previously (Fig. 5A  and B) (46) . The hypervariable region encompasses aa 237 to 252 in ORF 3, where 4 of 17 aa changes between EuroPRRSV (1-US) and LV (2-NL) were observed, and aa 57 to 72 in ORF 4, where 6 of 10 aa differences between these two strains were observed ( Fig. 5A and B) . Nonconserved amino acid differences between the type 1 isolates of this study were also observed in these hypervariable regions, although differences were seen elsewhere in these proteins as well (Fig. 5A and B) . The 14-US ORF 3 is truncated by a premature stop codon 18 aa from the C terminus. Similar truncations have been previously reported among European isolates and are consistent with previous observations that indicated that the carboxyterminal portion of type 1 GP3 plays a nonessential role in the viral life cycle (18, 46) . The predicted glycosylation sites remained unaffected by the differences (Fig. 5A and B) .
ORF 5 sequences for 15 additional European-like U.S. isolates were determined. A significant number of differences were observed in ORF 5, which encodes the major envelope glycoprotein GP5 (Fig. 1 and 5C ) (37) . This protein has also been shown to contain the primary neutralization site of the . Sequence alignments were generated by using CLUSTAL X. Phylogenies of the aligned isolates were estimated by using the TREE-PUZZLE program (10,000 puzzling steps). The scale bars indicate a maximum-likelihood branch length of 0.1 inferred substitutions per site. (A) Phylogenetic tree based on the ORF 3 nucleotide sequences. Newly generated ORF 3 nucleotide sequences of 13-US, 14-US, 15-US, and EuroPRRSV were aligned with previously published ORF 3 sequences. The 14-US ORF 3 sequence is truncated by a premature stop codon 18 aa from the C terminus. (B and C) Phylogenetic tree based on ORF 5 nucleotide sequences. The newly generated ORF 5 sequences of U.S. type 1 isolates 1 to 21 were aligned with previously published type 1 ORF 5 sequences. (B) Evolutionary analyses were completed with only full-length ORF 5 sequences. (C) Phylogenetic analysis was undertaken with both complete and incomplete ORF 5 sequences. Sequences located in the grey circles were magnified in the companion insets to clearly discern some European-like isolates.
virus (48, 53, 76) , has been reported to be the most heterogeneous PRRSV structural protein, and is disulfide linked at an invariant cysteine (located at LV aa 50) to an invariant cysteine of the M protein (aa 8) (11, 55) . The hypervariable region observed among type 2 PRRSV field isolates includes the signal peptide sequence and the distal portion of the ectodomain, and the variation observed in this region tends to affect the number of potential N glycosylation sites (Fig. 5C) (52, 60) . Similarly, more than half of the differences observed between strains EuroPRRSV (1-US) and LV (2-NL) within the ORF 5 region are found in this hypervariable region, with 5 of 20 differences observed in the signal sequence and 6 differences found in the ectodomain (Fig. 5C ). Figure 5C illustrates that nonconserved amino acid differences among the U.S. type 1 PRRSV isolates are also seen in this hypervariable region. In addition, the U.S. type 1 isolates acquired one or two new potential N glycosylation sites at amino acid positions 37 and 38 while aa 46 to 48 and 53 to 55 were unaffected, with the exception of isolate 2-US, which lost a potential glycosylation site as a result of an N-to-D mutation at aa 46. All U.S. type 1 isolates differed from LV at amino acid positions 37, 60, 63, 111, and 153. At amino acid position 111, all U.S. strains contained a serine (S) instead of the cysteine (C) that is present in the LV ORF 5 sequence. At position 153, all U.S. strains contained a glycine (G) instead of an arginine (R), with the exception of 5-US and 14-US, which were shown somewhat diverged from the other U.S. strains (see below).
Phylogenetic analysis. For evolutionary studies, the nucleotide sequences corresponding to ORF 3, 5, or 7 were aligned to previously published database sequences (10, 17, 18, 19, 30, 36, 46, 69) by using CLUSTAL X (gap opening penalty, 15; gap extension penalty, 6.66) (71) . Following alignment, the phylogeny of the isolates was estimated by using the TREE-PUZZLE program and yielded the phylogenetic trees shown in Fig. 6 .
Forsberg et al. (18) and Oleksiewicz et al. (46) established a panel of well-characterized and highly divergent ORF 3 sequences as a reference point for molecular epidemiologic studies. In another study, ORF 5 and 7 genes from 46 Europeantype PRRSV isolates were also sequenced and combined with existing database sequences to determine ORF 5-and 7-based genealogies (19) . In this study, we expanded the data sets presented in those papers to include sequences from several PRRSV type 1 sequences generated from U.S. swine herds ( Table 1 ). The genealogy of ORF 7 was star-like, as observed by Forsberg et al. (19) , likely due to little variation or signal in the data because of the highly conserved sequence of ORF 7 (data not shown). When ORFs 3 and 5 were examined, all U.S. type 1 isolates sequenced in our laboratories consistently formed a clade with the European-like isolates from The Netherlands and the United Kingdom (Fig. 6 ). For the ORF 3-based phylogenies, the QP reliability value for this clade was 82%. For ORF 5-based genealogies (the analysis which contained the most U.S. type 1 isolate sequence information), this value increased to 95 to 96%. This finding suggests there was a limited introduction of selected PRRSV isolates from Europe; it does not support numerous introductions of several diverse type 1 isolates into the United States. PRRSV strains in Spain. Phylogenetic analysis with these additional ORF 5 sequences did not provide any new insights into the origin of the U.S. type 1 isolates (data not shown). Within the European-like isolates, the new U.S. type 1 isolates displayed some marked diversity. The relatedness of 13-US and 15-US and the diversity of 1-US and 14-US were consistent for all three ORFs examined, regardless of the inclusion of incomplete ORF 5 sequences into the phylogenetic analysis (Fig. 6 ). Antigenic profile of selected isolates. Three type 1 PRRSV field isolates (13-US, 14-US, and 15-US) were obtained from diagnostic sera or tissues on primary porcine alveolar macrophages and then propagated on MARC-145 cells to obtain suitable concentrations for antigenic profile analysis. These isolates were screened with a panel of 60 MAbs directed against the products of the structural proteins: 2 MAbs prepared to GP2; 3 MAbs specific for each of GP3, GP5, and M; 5 MAbs to GP4; and 43 MAbs specific to N protein ( Table 5 ). The MAb reactivity pattern was highly consistent with that of strain LV and strikingly different from that of our North American reference strain, SD-23983. Several of the MAbs directed against the nucleocapsid protein have been previously characterized, and their reactivities with these new type 1 PRRSV isolates, as well as the original isolate MAb characterization, are shown in Table 6 (41, 78) . Specific epitopes of the remaining MAbs have not yet been determined.
No antigenic differences were seen in proteins GP2 to GP5 and M between strain LV and isolate 13-US, and only one difference was noted when strain LV was compared to 15-US (anti-GP4 MAb CI83). Several unique differences were observed for isolate 14-US when compared to the antigenic profile of strain LV. MAb P9-1, directed against GP3, reacted strongly with 14-US but did not recognize the other type 1 and type 2 isolates tested. As shown in Fig. 5A , the 14-US GP3 sequence contains 14 unique amino acid differences compared to the other type 1 isolates and is truncated. None of the MAbs directed against GP4 (CI82, CI83, NI26, NI37, and NI69) reacted with isolate 14-US, setting this isolate apart from the type 1 and type 2 viruses screened. As shown in Fig. 5B , the GP4 sequence of isolate 14-US contains 12 unique amino acid differences compared to the other type 1 viruses screened, three of which are located within the hypervariable region, a likely immunogenic target. MAbs P14-1 and 14-2, directed against the M protein, reacted with 14-US and SD-23983 but did not recognize the other type 1 isolates tested. The reason 
a LV is the prototypic European representative, and SD-23983 is a reference North American strain. Ϫ, no reactivity; ϩ, definitive strong reactivity; ϩ/Ϫ, weak reactivity. for this is unclear. Alignment of the amino acid sequence encoded by ORF 6 indicates that 14-US contains only one unique amino acid difference compared to the other type 1 viruses (data not shown). This difference in reactivity may be due to the involvement of another viral protein.
Antigenic differences between these new type 1 isolates were also seen with MAbs directed against the nucleocapsid protein.
Characterization of isolate 14-US revealed 10 differences in relation to strain LV. Five of these differences were shared by isolate 15-US (G7, I1, P5-53, P9-8, and CF-13). Three MAbs (G5, P5-51, and 26) reacted only with 14-US and the U.S. type 2 isolate SD-23983. Two MAbs (G3 and P9-10) set isolate 14-US (no reactivity) apart from the other type 1 and type 2 viruses included in this survey. As shown in Fig. 7 , 13-US and 15-US share 100% identity in the N protein while 14-US has four unique N amino acids. The reason for these differences remains unclear, but they may be due to involvement of another viral protein or to subtle alterations in nucleocapsid shape when associated with viral RNA. Only one anti-N MAb (JP25) was able to discriminate between strain LV and 14-US and isolates 13-US and 15-US (see below). The unique MAb pattern observed for 14-US is consistent with the phylogenetic analysis, which indicated that 14-US clustered tightly with 5-US and was unique from the cluster of U.S. type 1 viruses that included isolates 13-US and 15-US.
A subset of MAbs directed against the nucleocapsid protein have been characterized by Wootton et al. (78) (Fig. 7) . They identified five specific domains of a type 2 isolate (PA-8) (77) required for recognition by the antibodies SDOW17, VO17, EP147, SR30, MR40, and JP25: domains I (aa 30 to 52), II (aa 37 to 52), III (aa 52 to 69), IV (aa 69 to 112), and V (aa 112 to 123). Domains I and V were required for SDOW17 recognition. Domains IV and V were required for recognition by SR30. Domains III and V were required for recognition by VO17, EP147, MR40, and JP25. As shown in Table 5 , the recognition pattern of these MAbs with 13-US, 14-US, and 15-US was consistent with that of LV, with the exception of JP25. Simultaneous characterization of a subset of panel reactivity reaffirmed that MAb JP25 reacts with North American strain SD-23983 as well as 13-US, 15-US, and 20-US but does not recognize 14-US or strain LV. The reason for this is unclear. An alignment of nucleocapsid amino acid sequence for isolates LV, 13-US, 14-US, 15-US, and 1-US as well as type 2 strains VR-2332, PA-8, and SD-23983 demonstrates that 13-US and 15-US differ in sequence from LV by only the carboxyl amino acid (Fig. 7) . VR-2332, PA-8, and SD-23983, recognized by JP25, are truncated at the carboxyl-terminal end in relation to all type 1 isolates examined (Fig. 7) . The North American strains are quite diverse from the 13-US and 15-US isolates (68% similar), yet they share a common reactivity with JP25, likely due to the conserved domain III. However, 14-US and LV also share sequence similarity with VR-2332 in domain III, leading one to conclude that conformation of domain V is critical or another undescribed viral interaction is needed.
DISCUSSION
The genetic and antigenic analyses presented in this paper indicate that type 1 PRRSV isolates are present in U.S. swine herds from diverse geographic regions. The full-length genomic sequence of EuroPRRSV, the U.S. index type 1 isolate originating from a herd in the Midwest, was utilized to compare and contrast type 1 isolates identified since 1999. The result of such a study was the first genetic characterization of European-like PRRSV isolates originating from dispersed areas of the United States. Selected U.S. type 1 PRRSV isolates were then mapped antigenically.
The second full-length type 1 PRRSV sequence to be reported worldwide, EuroPRRSV, is remarkably similar to LV, sharing 95.3% overall nucleotide identity, but the 10-year interval between strain identification resulted in considerable divergence in localized domains. Although the origin of Euro-PRRSV is unclear, comparison to strain LV suggests certain regions of the PRRSV type 1 genome may tolerate mutation more than others and thus may evolve more rapidly. These regions include the 5Ј UTR, NSP1␤, NSP2, and three envelope glycoproteins, GP3 to GP5. The 5Ј UTR, critical in replication, transcription, and translation (24) , was shown to possess only 93.2% nucleotide identity to LV, yet the 3Ј UTR sequence was accurately maintained (98.2% identity). The reason for this disparity is unknown, as evidence suggests that these two regions may be in close proximity during viral replication (23, 49) . NSP2 has been reported to be the most variable part of the genome (11, 61) , and the ORF 1a sequence of EuroPRRSV was consistent with that notion, displaying a 17-aa deletion within the NSP2 protein, the only deletion or insertion observed in relation to the LV genomic sequence. Although NSP2 has been shown to be variable in type 2 viruses, this is the first instance of variation in this region for type 1 viruses and suggests that this PRRSV protein is uniformly unstable, perhaps due to immunologic pressure, as NSP2 was previously shown to contain a cluster of B-cell epitopes (47) . The protein is well conserved at residues thought to be important in proteolytic cleavage events but differs in downstream amino acids. The fact that NSP2 is proline-rich (10 to 11% in both types) is particularly intriguing. PXXP, a signature SH3 binding motif, is seen a minimum of 10 times in both PRRSV subtypes, and its existence demands further exploration of protein function.
Other aspects of the variable region, surrounding and including the deletion, are the subject of further investigations in our laboratories.
The high occurrence of amino acid mutations in GP3 to GP5 is in accordance with the results of other studies (11, 18, 46, 52, 60) . The GP5 amino acids highlighted in Fig. 5C are predicted to lie in the extravirion domain of the protein shown to be responsible for cell attachment. The conserved amino acids have been shown to be critical in binding to the host cell, and the hypervariable regions surrounding these conserved amino acids have been implicated in enabling virus escape from host immunity, due to the presence of predicted N glycosylation (48, 53) . It is of interest that U.S. type 1 isolates acquired additional predicted N glycosylation sites compared to strain Lelystad, and 22 sequenced isolates seem to show a tendency for variation at the same amino acids in each protein but not necessarily a mutation from strain Lelystad to an identical amino acid. Further analysis of GP5 variation may lead to increased significance for the mutational hotspots seen. The role of GP3 and GP4 in the virus replication cycle must be determined before importance can be attributed to the hypervariable regions of these proteins.
Phylogenetic analyses of published PRRSV ORF 3, 5, and 7 nucleotide sequences indicate that these newly emerging isolates form a clade with strain LV and the United Kingdom type 1 PRRSV isolates. Previous studies have found very low levels of sequence variability in European-type PRRSV from Great Britain, Belgium, France, Germany, The Netherlands, and Spain (17, 19, 30, 69) . Forsberg et al. (19) confirmed the scant isolate variation in these countries but found diversity to be high among type 1 PRRSV when isolates from Italy and Denmark were included in the analysis. ORF 5 phylogenetic analysis also revealed a tight clustering of isolates from The Netherlands, Great Britain, France, and Belgium around LV, but quite divergent strains were shown to be present in Eastern Europe (67) . Although high genetic variability is common among North American type 2 isolates, these new U.S. type 1 isolates cluster around the LV isolate despite their wide geographic distribution, suggesting a common source of entry into the United States. The exact time and source of North American introduction remain unknown for several reasons. These European-like isolates were identified only when swine were exhibiting symptoms consistent with PRRS disease, yet no evidence of type 2 sequence could be elucidated. This fact does not preclude the prior or present existence of type 1 isolates that may not have been diagnosed. Furthermore, tracking movement of PRRSV isolates by geography is difficult, as animal husbandry has changed significantly so that large swine producers own individual farms in several contiguous and noncontiguous U.S. states, with producers sharing animals within a production system as well as outside production systems. Lastly, PRRSV can be transmitted through artificial insemination of semen derived from boar studs, often of unknown PRRSV status.
Adaptation of three U.S. type 1 PRRSV isolates (13-US, 14-US, and 15-US) to grow to high titers (10 5 50% tissue culture infective doses) in MARC-145 cells enabled MAb screening, confirming a European-like serotype for these isolates. We are further exploring a variety of culture variations including pH control, gamma interferon inhibition, and macrophage coculture to facilitate the consistent isolation and propagation of additional type 1 PRRSV isolates. The MAb panel identified well-characterized antibodies that react strongly with these newly emerging type 1 isolates and are thus extremely useful in identifying and differentiating them in diagnostic samples. To illustrate the value of MAb analysis, anti-N MAb SDOW17 recognizes essentially all PRRSV strains tested, regardless of genetic type. MAbs MR39 and MR40 can then differentiate between European and North American isolates, recognizing only type 2 isolates to date. JP25 will recognize some U.S. type 1 isolates and thus differentiate them from LV but will recognize type 2 isolates as well. Other MAbs further distinguish PRRSV isolate antigenicity, such that a profile of individual isolates can be derived for downstream use. As stated previously, the difference in reactivities of conserved nucleocapsids with the large anti-N MAb panel may not be due merely to amino acid differences in the N protein but rather to an as-yet-uncharacterized interaction of the nucleocapsid with another viral protein or viral RNA. The MAb panel may therefore be a valuable tool in elucidating PRRSV protein-protein or protein-RNA interactions.
There are a number of challenges complicating the detection of European-like PRRSV in American swine herds. Currently, no commercially available serologic tests differentiate between European and North American PRRSV strains. The IDEXX PRRSV enzyme-linked immunosorbent assay utilizes antigencoated plates that include both North American and LV-like antigens. Additionally, many European isolates have been reported to grow poorly in porcine alveolar macrophage cultures and often not at all on MARC-145 cells. Many North American diagnostic labs utilize RT-PCR-based tests with primers specific for identification of only type 2 PRRSV strains or do not differentiate between European and North American PRRSV strains. Submitted virus must then be sequenced directly from the clinical sample or isolated on alveolar macrophages. Both techniques are time-consuming and laborious, potentially leading to sample misdiagnosis. The information provided in this report will aid in overcoming these challenges.
Lastly, RNA recombination between the European and North American genotypes of PRRSV may be at least 10,000 times less likely to occur than RNA recombination between diverse European isolates (73) . Indeed, phylogenetic analysis of nucleotide sequences of three separate ORFs (3, 5, and 7) from 13-US, 14-US, 15-US, and EuroPRRSV provided no evidence of recombination with type 2 isolates. If intertype RNA recombinants are generated at a low level under field conditions, it is likely that such recombinants would not be viable due to the low level of similarity between the strains (73) or that one of the original virus isolates would eventually dominate the intertype recombinant, as observed in cell culture (81) . However, preexisting immunity to the parental viruses in the pig population may instill a selective advantage to the intertype recombinant, and even an extremely rare nonhomologous recombination event could rapidly spread the virus in the pig population (73) . The possibility of new intertype PRRSV recombinants should be considered when evaluating diagnostic procedures. Intertype recombination could result in problems with virus typing and vaccination and may potentially generate a virus with new biological properties. Therefore, it is essential to characterize the type 1 isolates now circulating in United States. The unique characteristics of these Europeanlike isolates may have a significant impact on diagnostic approaches to viral detection and to future swine management strategies.
